Subceliular organelles from castor bean (Ricuns commnwuis) endosperm were isolated on discontinuous sucrose gradients from germinating seeds which were 1 to 7 days postbit o. Marker enzyme activities of the organeUes were measured (fumarase, catalase, and triose phosphate isomerase) and the homogeneity of the organelle fractions was examined by electron microscopy. Pyrumate dehydrogenase complex activity was measured only in the mitochondrial fraction and attempts to activate or release the enzyme from the proplastid were not successful. A pathway is proposed for the most efficient use of endosperm carbon for de novo fatty acid biosynthesis that does not require the presence of the pyruvate dehydrogenase complex in the proplastid to provide acetyt-coenzymeA.
Recent studies with developing castor beans have shown that the carbon source for fatty acid synthesis is sucrose, which is transported from the leaves to the endosperm (12, 20, (24) (25) (26) . Yamada et al. (24, 25) , using radioactive fatty acid precursors, have shown that isolated proplastids are able to convert sucrose to fatty acids. However, Simcox et al. (20) have examined the subcellular distribution of the intermediate enzymic steps responsible for conversion of sucrose to pyruvate and their findings do not entirely support those of Yamada and co-workers. Dennis' group (20) found that fatty acids could not be synthesized directly from sucrose in proplastids. Rather, hexose-P synthesis from sucrose occurs in the cytosol along with the first oxidative step in the pentose-P pathway (glucose-6-P dehydrogenase). The glucose-6-P produced in the cytosol is transported into the proplastids where conversion to pyruvate dccurs.
The PDC3 catalyzes the oxidative decarboxylation of pyruvate to yield the acetyl-CoA needed for fatty acid synthesis. The complex is generally associated with the mitochondria in eucaryotes (17) . Reid et al. (18) have demonstrated the presence of the complex in proplastids in developing castor bean endosperm and Elias and Givan (7) have reported that pea chloroplasts also contain PDC. Both of these nonmitochondrial locations have been confirmed in our laboratory (16; manuscript in preparation). In the case of developing endosperm, the location of the complex within the proplastid allows the generation of needed acetyl-CoA inside the organelle and eliminates the need for transport of acetyl-CoA from the mitochondria.
In germinating castor bean endosperms the situation is different, ' This is in contrast to the developing endosperm in which the mitochondrial and proplastid PDC activities appear to be essentially equal (18) .
The carbon source of fatty acid precursors in germinating endosperm has not been identified. Vick and Beevers (22) have shown that castor bean fatty acids are synthesized primarily in the proplastids and that maximum synthesis occurs in the first 3 days of germination, prior to maximum development of glyoxysomes and mitochondria. It is in the newly synthesized glyoxysomes where fatty acid ,-oxidation occurs (5, 9) . These findings support the hypothesis that the proplastids of the germinating endosperm synthesize the fatty acids de novo for construction of the membranes of the organelles which then can facilitate further degradation of the stored lipid (6, 13, 22) for gluconeogenesis (1 12 ,000g for 10 min; the pellet was gently resuspended in about 2 ml of ginding medium for 10 g of original tissue. All isolation steps were performed at 4 C.
Discontinuous sucrose density gradients were used to resolve subcellular organelles in the resuspended 480-12,000g fraction. The gradients consisted of a 4-ml cushion of 60% sucrose overlaid with 8 ml 51%, 8 ml 43%, 8 ml 35%, and 7 ml 25% sucrose. Sucrose solutions were w/w in 10 mm Tes (pH 7.5). The 51% sucrose contained 1 mM MgCI2 and the 43, 35, and 25% sucrose solutions contained 0.5 mm MgCl2. From 1 to 2 ml of the resuspended organelle fraction was layered onto the gradients which were centrifuged at 4 C in a Beckman SW 27 rotor. The gradients were centrifuged at 96,300g for 1 h using a Beckman L2-65B ultracentrifuge. An ISCO density gradient fractionator was used to fractionate the gradients from the top into 1.5-ml samples and to record the Ao0.
When organelles were isolated from developing castor bean endosperm, the ratio grinding media to tissue was 1:1 (v/w). Otherwise, the isolation procedure was identical to that described for germinating endosperm tissue.
Subcellular organelles were also isolated from protoplasts which were obtained by enzymic digestion of germinating endosperm tissue according to the methods described by Nishimura and Beevers (14) . The ruptured protoplast preparation was layered on the sucrose gradient described above as well as the gradient reported by Nishimura and Beevers (14) .
Enzyme Assay. Each fraction from gradient was assayed for fumarase (21) , TPI (21), catalase (21), and PDC. PDC was assayed at room temperature using a recording spectrophotometer to monitor NADH formation at 340 nm. The standard assay mixture contained 85 ,umol MOPS (pH 7.5), 0.21 yimol thiamine pyrophosphate, 1 jmol MgCl2, 2.4 ,imol NAD+, 0.12 ,umol Li CoA, 2.6 !Lmol cysteine-HCl, 1 ,umol potassium pyruvate, and enzyme complex in a total volume of 1 ml. The final pH of the assay mixture was 7.35. Triton X-100 was added to all assays to a fmal concentration of 0.1% to ensure organelle rupture. Ribulose bisP carboxylase activity was measured radiochemically using NaH"4CO3 at 30 C according to the method of Benedict et al. (2) .
Electron Microscopy. Organelles were prepared from 3-day germinating castor bean endosperm as described above. Mitochondrial and proplastid fractions were collected from two gradients, pooled, and then gently mixed with the appropriate amount of 50%o glutaraldehyde to a final concentration of 3%. The organelles were fixed for 3 h at 4 C, then again carefully diluted (over a 10-min period) with 10 mM Tes (pH 7.5) to a final sucrose concentration of 15% (w/w), and then pelleted at 18,000g in an SW 27 rotor for 10 min. Both pellets were washed twice with the Tes buffer and then resuspended in molten 4% agar. When hardened the agar was chopped into 1-mm2 pieces which were postfixed in 1% OS04 (in Tes) for 3 h at 4 C. The samples were washed twice with Tes, dehydrated with an acetone series, and then embedded in Epon. The tissue was thin sectioned and photographed at the Electron Microscopy Facility, University of Missouri, Columbia.
A 0.5-ml portion of each organelle fraction was not fixed so that organelle marker enzymes (fumarase, TPI, and PDC) could be assayed and thus provide an estimate of the homogeneity of the fractions being prepared for electron microscopy.
RESULTS
Isolation of Subceilular Organeiles. The discontinuous sucrose density gradients used in this study were designed to separate the subcellular organelles of the resuspended 480 and 12,000g pellet.
Previous work, with both developing and erminating castor beans, has shown that the inclusion of Mg + in the gradient facilitates the organelle separation, especially between the proplastids and mitochondria (4, 5, 11). The Mg2e increases the buoyant density of the proplastid and causes the organelle to migrate down the gradient to the 51-60o sucrose interface, while the mitochondria band at the 35-43% interface. The ER bands at the 25-35% interface and the glyoxysomes at the 43-51% interface. Figure 1 shows the activity of each organelle's marker enzyme and an Am80 protein profile of a representative gradient. The mitochondria are relatively free of contamination, whereas the glyoxysome and proplastid fractions have mutual contamination, attributed to nonspecific associations of the two organelles. However, the mitochondria and proplastids, which are the organelles of primary interest, contain little mutual contamination. Incomplete resuspension of the 480-12,000g fraction or overloading of the gradient with this resuspension results in less sharp resolution of the organelles at the various sucrose interfaces and also contamination among the different organelles.
The homogeneity of each proplastid and mitochondrial fraction was further examined by electron microscopy (Fig. 2) . The mitochondrial fraction appears to be free of contamination ( Fig. 2A) whereas the proplastid fraction has a significant population of glyoxysomes, cell debris, and an occasional mitochondrion (Fig.  2B) . However, the fumarase and PDC activities of this proplastid fraction was measured and found to be only 4.1 and 0.3%, respectively, of each enzyme's total activity present in the gradient (Table I) .
During studies on the development of enzyme activities in germinating endosperm, we observed a so far unexplainable phenomenon involving proplastids from 4-to 6-day-old tissue. The proplastids appeared to be less dense, particularly in the presence of Mg2+, and banded with the glyoxysomes at the 35-43% sucrose interface. In addition the proplastids were agglutinated and appeared as a flocculent precipitate in the gradient. This change in proplastid behavior from day 4 to day 6 was also observed the (23) . This observation is supported by the lAck of significant enzyme activities in these organelles until 3 days after imbibition (Fig. 3) . Maximum enzyme activity of all organelles occurs about day 4 or 5. By day 7 the endosperm is nearly consumed and a sharp decline in organelie integrity and activity is observed.
Subcellular Location of PDC. Throughout these studies of germinating castor bean endosperm the only detectable PDC activity was in the mitochondrial fraction (Fig. 1) . Reid et al. (18) have observed PDC activity in both mitochondria and proplastids of developing endosperm. To determine if our method of organeUe isolation was yielding comparable amount of proplastids as the method of Reid et al (18) , the organelles from developing endosperm was isolated. As seen in Figure 4 , our method yielded @ significant PDC activity in the proplastid fraction. Table II shows that there was no measurable PDC activity in the proplastids, whose location in the gradients was identified with RuBP carboxylase marker enzyme. In addition, there was four times more mitochondrial PDC obtained using our gradient that was recovered from the Nishimura and Beevers (14) gradient (Table II) . Fritsch and Beevers (8) activity. Using the procedure described by Fritsch and Beevers (8), we were not able to detect any PDC activity in the proplastid fraction that could not be accounted for by the mitochondrial contamination. The ratio of fumarase to PDC activity in the mitochondrial fraction of this gradient was 127. In the proplastid fraction the ratio was about the same (158), with there being much lower activities of both of these enzymes in the proplastid fraction (less than one-tenth of the activities found in the mitochondrial fraction). Attempts to Activate Proplastid PDC. Reid et al. (18) reported that only a small amount of PDC activity was detectable in freshly prepared proplastids from developing castor bean endosperm. They found that about 80% of the full PDC activity was expressed after a 40-min treatment of the developing proplastids with 0.1% Triton X-100 at 25 C. A similar treatment of germinating proplastids with Triton X-l00 failed to release any PDC activity. In addition, treatment ofthe mitochondrial fraction with 0.1% Triton X-100 did not aid in any additional release or activation of mitochondrial PDC, but rather decreased the activity of the complex by about 20% of the original activity in 20 min (data not shown).
Although addition of Mg2e to the isolation of medium and sucrose gradient greatly facilitated the isolation of the germinating proplastids, it did not stabilize or release any PDC from the organelle. Incubation with 10 mm MgCl2 for 48 h at 4 C stabilized and sometimes increased the PDC activity as much as 10-20% in the crude and mitochondrial fractions (data not shown). However, Mg2e did not facilitate detection of any PDC in proplastids.
When all three organelle fractions (mitochondria, glyoxysome, and proplastids) were mixed with each other there was no change in PDC activity. Any PDC activity was mitochondrial and the mixing of mitochondria and proplastid did not release any proplastid PDC nor did we observe any inhibition of mitochondrial PDC by the other fractions (data not shown).
DISCUSSION
The discontinuous sucrose gradients used in our studies provided a quick method for isolating and purifying castor bean endosperm organelles. As seen by the gradient marker enzyme profiles ( Fig. 1 ) and electron micrographs (Fig. 2 ) the mitochondrial fraction is essentially pure (Fig. 2A) , while the proplastid fraction has substantial glyoxysomes and organelle debris contamination (Fig. 2B) . In addition, the mitochondrial contamination in the proplastid fraction is quite low (Fig. 2B) . However, any measurable PDC activity in the proplastid fraction was mitochondrial since an equivalent, or greater, amount of fumarase activity was always present (Table I) .
Since the mitochondrial and proplastid fractions were relatively free of mutual contamination they provided a clean organelle preparation for further enzymic analysis. Present studies are indicating (unpublished data) that the castor bean mitochondrial PDC appears to be similar to the other plant mitochondrial PDC studied in this laboratory (15, 16, 19) .
Maximal enzyme activity of the endosperm occurred about 4-5 days after imbibition (Fig. 3) . In the germinating endosperm tissue, PDC appeared to be located exclusively in the mitochondria. Various other isolation methods which were used to increase the proplastid yield failed to provide any evidence of proplastid PDC activity that could not be accounted for by mitochondrial contamination. Prolonged incubation with Mg2+, Triton X-100, and with purified mitochondria also failed to activate or release any proplastid PDC. Therefore, we conclude that the PDC is exclusively in the mitochondria.
ATP citrate lyase could also provide the acetyl-CoA needed for the fatty acid synthesis that occurs in proplastids (22, 24) . Fritsch and Beevers (8) have reported that the ATP citrate lyase is present in germinating castor bean endosperm proplastids, which makes it unnecessary that PDC be active or present in detectable amounts in those proplastids.
The question arises as to why the proplastids of germinating endosperm tissue utilize the ATP citrate lyase for production of acetyl-CoA while the proplastids of developing endosperm tissue use the pyruvate dehydrogenase complex. We believe that the presence of citrate lyase and the lack of PDC in germinating endosperm proplastids reflects the most economical use of the carbon. In the developing tissue the carbon source is hexose phosphates from photosynthesis which are metabolized to yield pyruvate either by the combined pathways of the hexose monoP shunt and glycolysis or via glycolysis alone (12, 13, 20) . Oxidation of pyruvate by PDC would provide the acetyl-CoA for the fatty acid biosynthesis which occurs in these organelles. However, in the germinating tissue the carbon source is the store of fatty acids (principally ricinoleic acid) which are being degraded to acetylCoA in the glyoxysomes (5) . About 70%o of the available carbon is metabolized via the glyoxylate cycle to yield succinate which is subsequently metabolized by gluconeogenic reactions to sucrose (1) . The low respiratory quotient of this tissue (0.3-0.4) also indicates that the conversion of fatty acids to sucrose is occurring (1) .
To perform its gluconeogenic function efficiently, we believe that in germinating endosperm tissue the PDC is limited to the mitochondria; and that ATP citrate lyase is present in proplastids to provide acetyl-CoA moieties for fatty acid biosynthesis. Figure  5 summarizes the metabolic events being considered. The glyoxysome is where the ,8-oxidation yields acetyl-CoA, which is subsequently utilized in citrate production. If a portion of this citrate is diverted to the proplastid, the citrate lyase would produce the acetyl-CoA for fatty acids. Oxaloacetic acid, the second product of citrate lyase, could either be metabolized via a gluconeogenic pathway to sucrose (cytosolic or proplastidic) or returned to the glyoxysome to accept another acetyl-CoA unit. If the OAA generated in the proplastid has a gluconeogenic fate then an equal quantity of the succinate produced in subsequent isocitrate lyase reactions must return to the glyoxysomes as malate or OAA in order that the acceptor molecule be available in the glyoxylate cycle.
The consequence of the glyoxysomal citrate going directly to the proplastids is that no CO2 is lost, representing a saving of 50Yo
of-the carbon (2 atoms/mol). However, if the citrate is formed via succinate and mitochondrial enzymes, two CO2s are lost. Two succinates are converted to two OAAs with one OAA being converted to acetyl-CoA via PEP carboxykinase and pyruvate kinase (loss of one CO2). The pyruvate is converted to acetyl-CoA by mitochondrial PDC (loss of second C02). The acetyl-CoA and the other OAA are condensed to yield citrate which is then available for citrate lyase in the proplastids. Thus four carbons are needed to get one acetyl-CoA by this route (50%o yield) as opposed to two carbons by the direct route (100%o). present it would be an inefficient way to use the carbon. The pyruvate would be generated from succinate via reactions yielding CO2 (25% loss) and the conversion of pyruvate to acetyl-CoA by a proplastid PDC would result in a further 25% loss.
We conclude that the PDC of germinating castor bean endosperm is limited exclusively to mitochondria; that the acetyl-CoA moieties needed for de novo fatty acid synthesis in the proplastids is generated by an ATP citrate lyase (8) ; and we propose that the glyoxysomal citrate is used directly by the proplastids for the most efficient use of the carbon.
